Estrogen receptors (ERs) are ligand-activated transcription factors that regulate gene expression and cell growth. Two ERs now have been identified: ER␣ and the more recently discovered ER␤. The physiological function of ER␤ remains unclear, but evidence from vascular injury studies and from ER␤ knockout mice suggests that ER␤ may be involved in the regulation of cellular proliferation. Here we show a direct and specific interaction between ER␤ and the cell cycle mitotic spindle assembly checkpoint protein, MAD2 (mitosis arrest-deficient 2). The ER␤-MAD2 interaction was identified by screening of a yeast two-hybrid system vascular endothelial cell library with ER␤ and confirmed with glutathione S-transferasefusion protein interaction studies. In contrast, ER␣ did not interact with MAD2 in either the two-hybrid system or in the proteinprotein interaction experiments. Amino acids 173-208 in the hinge region of ER␤ were sufficient to mediate the interaction with MAD2 in the two-hybrid system and in glutathione S-transferasefusion protein studies. These data identify a link between ER␤ and MAD2 of potential importance to regulation of the cell cycle and support a function of ER␤ distinct from the established role of ERs as transcription factors. T he steroid hormone receptors are members of a large superfamily of ligand-activated transcription factors that regulate gene expression and influence the growth and function of target cells and tissues (1-4). There are two estrogen receptors (ERs) known at present: ER␣ (3) and ER␤ (4), which share significant homology in their DNA and hormone binding domains (BDs). However, ER␤ is structurally and functionally distinct from ER␣, and its physiological role is not yet understood (4-7). ERs interact with a variety of intracellular proteins. In the unliganded state, ERs are found in protein complexes that include several heat shock proteins and immunophilin molecules (8). ERs activated by hormone binding can recruit a variety of proteins, including coactivator transcriptional proteins (9, 10), proteins that silence transcription (corepressors) (10, 11), other transcription factors (1, 10), and proteins that remodel chromatin (12). However, no proteins that interact specifically with ER␤ have been identified to date.
T
he steroid hormone receptors are members of a large superfamily of ligand-activated transcription factors that regulate gene expression and influence the growth and function of target cells and tissues (1) (2) (3) (4) . There are two estrogen receptors (ERs) known at present: ER␣ (3) and ER␤ (4) , which share significant homology in their DNA and hormone binding domains (BDs). However, ER␤ is structurally and functionally distinct from ER␣, and its physiological role is not yet understood (4-7). ERs interact with a variety of intracellular proteins. In the unliganded state, ERs are found in protein complexes that include several heat shock proteins and immunophilin molecules (8) . ERs activated by hormone binding can recruit a variety of proteins, including coactivator transcriptional proteins (9, 10) , proteins that silence transcription (corepressors) (10, 11) , other transcription factors (1, 10) , and proteins that remodel chromatin (12) . However, no proteins that interact specifically with ER␤ have been identified to date.
In mammals, ER␤ mRNA is found in many tissues, including uterus, ovary, testes, bladder, prostate, lung, and brain (4, 5) , and in the heart and blood vessels of the cardiovascular system (refs. 7 and 13-16; M.E.M., unpublished observations). Some data suggest a specific role for ER␤ in mediating the cardiovascular effects of estrogen (7), because estrogen protects against vascular injury in mice with no ER␣ (13) , and ER␤, but not ER␣, expression is markedly stimulated in vascular cells after vascular injury (14, 16) . However, in mice harboring a disruption of the ER␤ gene, estrogen is still able to protect against vascular injury (17) . These ER␤ knockout mice display arrested ovarian folliculogenesis and decreased ovarian efficiency, and older male animals show hyperplasia in the cells of the bladder and prostate (18) . Thus, at present, the function of ER␤ remains unclear. To better understand the function of ER␤, we sought to identify ER␤-specific binding proteins from vascular endothelial cells, which are known to express high levels of ER␤ after vascular injury (14, 16) . We characterize here a specific interaction between ER␤ and the cell cycle spindle assembly checkpoint protein, MAD2 (mitosis arrest-deficient 2).
Methods

Construction and Screening of Endothelial Cell Yeast Two-Hybrid
Library. A yeast two-hybrid system cDNA library was constructed in the pGAD10 Gal4 activation domain (AD) vector according to the manufacturer's instructions (CLONTECH), by using a total of 10 g of poly(A) RNA from ovine pulmonary artery endothelial cells (PAEC) (19) . The full-length coding region of mouse ER␤ (13) was cloned into the EcoRI site of the Gal4 DNA BD vector and mER␤-GalBD was transformed with the PAEC library into Saccharomyces cerevisiae strain Y190 (CLON-TECH) by using the lithium acetate method. Polypeptides interacting with ER␤ were detected by their ability to reconstitute the GAL4 transcription factor and activate transcription of HIS3 and lacZ reporter genes. Colonies able to grow on HISdeficient media were assayed for ␤-galactosidase activity by using a colony lift nitrocellulose filter (MSSI, Westboro, MA) assay. PGAD10 plasmids from Hisϩ,LacZϩ colonies were isolated, and cDNA inserts were sequenced in standard fashion. The N-terminal mER␤ mutants (all mutants described by amino acid residues), mER␤ 1-208 and 1-172, were constructed from full-length mER␤ cDNA by digestion with SmaI or BamHI, respectively. A C-terminal mER␤ truncation mutant was constructed by excising a BamHI mER␤ fragment to create mER␤ 173-485. The mER␤ 173-208 mutant was created by PCR and verified by DNA sequencing. The MAD2 7-160 truncation mutant of the ovine MAD2 clone EC-1 was constructed by an EcoRI͞Bgl2 digestion of the EC-1-PGAD construct and subsequent subcloning of this N-terminal fragment of MAD2 into the Gal-AD plasmid. The MAD2 45-205 truncation mutant of the ovine MAD2 clone EC-1 was constructed by an XhoI͞EcoRI digestion of the EC-1-PGAD construct and subsequent subcloning of this C-terminal fragment of MAD2 into the pGAD Gal4-AD plasmid. In some instances, protein expression of mER␤ truncation mutants was confirmed by immunoblotting of yeast lysates using a rabbit polyclonal anti-Gal4 DNA BD antibody (Upstate Biotechnology, Lake Placid, NY). Full-length rat ER␤ ligated into pGEX-2TK was created as described (9) . The GST-mER␤1-208, GST-mER␤ 173-485, GST-mER␤ 173-208, and full-length GST-rER␤ proteins were expressed in Escherichia coli (XL10-Gold͞Stratagene, BL 21͞ Novagen), expression was confirmed and quantified by SDS͞ PAGE, and GST-fusion proteins were immobilized on glutathione Sepharose beads for pull-down assays, as described (20) . Recombinant [S 35 ]mER␤, [S 35 ]hER␣, and [S 35 ]hsMAD2 were produced by in vitro transcription͞translation (TNT Coupled Reticulocyte Lysate Systems Kit, Promega) from ER␣, ER␤, and human MAD2 cDNA templates [pET28a(ϩ)hsMAD2, kind gift of R. Benezra, Cornell University, New York]. Recombinant proteins were incubated with GST-fusion proteins at 4°C for 1 hr in suspension buffer (20 mM Tris, pH 7.4͞137 mM NaCl͞2 mM EDTA͞1% Triton X-100͞10% glycerol͞25 mM ␤-glycerolphosphate͞1 mM Na vanadate͞10 g/ml leupeptin͞10 g/ml aprotinine͞1 mM PMSF). Beads then were washed three times, and associated proteins were resolved by SDS͞PAGE and visualized by autoradiography.
Results
Yeast Two-Hybrid Screen. To identify proteins that associate with ER␤, a vascular endothelial cell cDNA yeast two-hybrid library was constructed from ovine pulmonary artery endothelial cells (19, 21) , and 2.5 ϫ 10 5 library clones were screened with the full-length coding sequence of mouse ER␤ (13) . Forty positive clones were identified during the screening, and of these 35 proved by sequencing and restriction enzyme mapping analyses to be identical to clone EC-1. EC-1 is a 2.3-kb clone that, with ER␤, consistently transactivated both histidine and ␤-galactosidase reporters in the two-hybrid system ( Fig. 1 and Table 1 ). The ER␤ interaction with EC-1 did not require estradiol, nor was it disrupted or enhanced by the hormone (up to 10 Ϫ6 M estradiol). The interaction between ER␤ and EC-1 was specific, as ER␣ consistently was unable to interact with EC-1 under conditions in which ER␣ interacted with both of the known ER coactivator proteins, TIF2 and TRIP1 ( Fig. 1 Lower and Table 1 ). Sequence analysis of EC-1 revealed an ORF with 93% homology to nucleotides 19-618 of the human MAD2 mitotic checkpoint cDNA (22) (Genbank accession no. number U65410), encoding an ovine protein of 199 aa with 98% homology to amino acids 7-205 of human MAD2 (Fig. 2) . MAD2 is a 24-kDa protein that associates with unattached kinetechores (23, 24) and coimmunoprecipitates with the anaphase-promoting complex, a ubiquitin ligase that regulates progression through the mitotic cycle by targeting destruction of the proteins that allow the onset of anaphase to proceed and mitotic exit to occur (23-26) (see Discussion).
Yeast two-hybrid system studies were used next to define the ER␤ domain that interacts with the MAD2 clone EC-1 (Table  1) . Full-length ER␤-Gal4 BD interacted with clone EC-1 in the Gal4 AD in these studies. In contrast, a fragment of EC-1 corresponding to amino acids 45-205 of MAD2, when placed in the Gal4 AD, was not able to interact with full-length ER␤-Gal4 BD, supporting the idea that the N-terminal domain of EC-1 is necessary to allow the interaction with ER␤ in the yeast twohybrid system. An N-terminal fragment of ER␤ of 208 aa in the Gal4 BD construct also was able to interact with EC-1 in the Gal4 AD construct. Furthermore, ER␤-Gal4 BD truncation mutants lacking amino acids 173-207 were unable to interact with EC-1 in the two-hybrid studies, whereas the cDNA encoding the peptide for amino acids 173-208 of ER␤ in the Gal4 BD was able to interact with EC-1 ( Table 1 ). The amino acids 173-208 of ER␤ correspond to the hinge region of the receptor (4) and have a sequence distinct from the corresponding region in other steroid hormone receptors, including the closely related ER␣. In other experiments, EC-1-Gal4 BD was able to interact with full-length ER␤ or ER␤ 173-485 in the Gal4 AD, but not with ER␤ 209-485. When the EC-1 fragment corresponding to N-terminal amino acids 7-160 of MAD2 was expressed in the Gal4 AD, it was able to interact with full-length ER␤-Gal4 BD, but not with mutants of ER␤ lacking amino acids C-terminal to amino acid 208 (Table 1 ). Taken together, these studies raise the possibility that amino acids C-terminal to residue 208 of ER␤ and͞or amino acids 160-205 of MAD2 somehow contribute to the interaction between the two proteins in this Gal4-based yeast two-hybrid system. Finally, ER␣ was unable to interact with 
Summary of histidine and ␤-galactosidase reporter activation for various ER␤ and ER␣ constructs tested for their interaction in the yeast two-hybrid system with the MAD2 clone EC-1 (corresponding to amino acids 7-205 of hMAD2) and MAD2 mutants.
EC-1 under conditions in which it interacted with ER␤ in the expected heterodimer interaction between the two ERs ( Table 1) .
GST-Protein-Protein Interaction Studies. The interaction between ER␤ and MAD2 also was examined by GST-fusion proteinprotein interaction (GST pull-down) studies (Figs. 3 and 4) . A GST fusion protein expressing the MAD2 amino acids 7-205 encoded by clone EC-1 was able to bind ER␤ (Fig. 3A) . In contrast, GST-MAD2 protein was not able to bind ER␣ under conditions in which the recognized heterodimer interaction (27, 28) between ER␣ and ER␤ was demonstrable (Fig. 3B) . These experiments confirm the interaction between MAD2 and ER␤ but not ER␣ seen in the two-hybrid system studies and the specificity of the ER␤-MAD2 interaction. GST-ER␤ also was able to interact with MAD2 protein in GST fusion proteinprotein interaction studies (Fig. 4A) . To explore what domain of ER␤ is sufficient to support the interaction between ER␤ and MAD2, a series of experiments also was performed by using full-length ER␤ and the various truncation mutants of ER␤ studied above in the yeast two-hybrid system (Fig. 4B) . GST fusion proteins expressing full-length ER␤, ER␤ amino acids 173-485, and ER␤ amino acids 1-208 all bound MAD2 in these studies (Fig. 4B) . Furthermore, the small peptide corresponding to amino acids 173-208 of ER␤ also bound MAD2, as it did in the two-hybrid system, confirming that this domain is sufficient for the ER␤-MAD2 interaction (Fig. 4B ).
Discussion
The studies described here identify a specific interaction between ER␤ and the mitotic spindle assembly checkpoint protein, MAD2. Both yeast two-hybrid system and GST pull-down experiments demonstrate the interaction of amino acids 173-208 of ER␤ with MAD2 and show that the interaction between ER␤ and MAD2 is not altered by the absence or presence of estradiol. ER␣ does not interact with MAD2 in these studies, and thus MAD2 is the first protein identified that interacts with ER␤ but not ER␣.
The MAD genes were identified first in yeast (22, 29) and the vertebrate homologue of MAD2 was shown to associate with kinetechores of chromosomes in early prometaphase cells (23, 24, 30) . Association of MAD2 with the anaphase-promoting complex (APC) arrests cellular progression through mitosis by binding to and inhibiting Cdc20͞Fzy, an essential activator of the APC, which allows the onset of anaphase to proceed and mitotic exit to occur (25, 26, 30) . Based on experiments with anti-MAD2 antibodies, MAD2 also regulates the onset of anaphase in mammalian cells without obvious spindle defects (30), suggesting that MAD2 and the signaling pathway it regulates are activated during normal cell cycles. It is therefore possible that ER␤ is a component of the spindle checkpoint assembly. It is also possible that the ER␤-MAD2 interaction described here is important in protecting or promoting the fidelity of replication for cells that are proliferating rapidly, such as the blood vessel cells that are involved in the reparative process after vascular injury, in which ER␤ is markedly induced (14, 16) . Alternatively, Fig. 2 . Sequence of clone EC-1 and comparison of predicted amino acid sequence to human MAD2. Alignment of the predicted amino acid sequence of ovine EC-1 with human MAD2 reveals 98% identity between the two proteins. Amino acid identities are shown by the shading and amino acid mismatches by a gap. The EC-1 clone did not contain sequence corresponding to the first 6 aa of hMAD2 (Genbank accession no. U65410). the ER␤-MAD2 interaction may be important for some purpose distinct from MAD2 regulation of the spindle checkpoint. The MAD2 protein also interacts with the cytoplasmic domain of the insulin receptor (31) and with the MHC ubiquitin-like protein FAT10 (32) , but the significance of these interactions is unknown at present. MAD2 also encodes the ␣-subunit of a prenyltransferase and is required in yeast for the membrane association of several monomeric GTP-binding proteins (29, 33) . It is therefore possible that this enzymatic activity of MAD2 is recruited by ER␤ for an as-yet-unidentified function.
In summary, we have identified a specific interaction between ER␤ and the spindle assembly checkpoint protein MAD2. This interaction may be related to the induction of ER␤ mRNA that occurs in rapidly proliferating cells, such as vascular cells after vascular injury (14, 16) , and supports the hypothesis that ER␤ has some function distinct from those it shares with ER␣. The ER␤-MAD2 interaction identified here also supports that ER␤ has a role in cellular proliferation that is distinct from its function as a transcription factor.
